ITH the recent interest in epilepsy surgery and the advent of high-resolution imaging tools such as MR and PET imaging, CD is now known to be a major cause of intractable epilepsy followed by hippocampal sclerosis and other structural lesions (tumors and vascular malformations). The definition of CD, however, is poorly systemized. The classification schemes proposed by Mischel and colleagues 21 and Barkovich, et al., 5 are both fairly good; however, to date neither has become widely accepted.
Clinical Material and Methods

Patient Population and CD Classification
Thirty-six patients with CD were selected from a cohort of 291 patients who were surgically treated for intractable epilepsy at Samsung Medical Center between January 1995 and June 1999 (4.5 years). Data on the 36 patients are summarized in Table 1 . The incidence of CD in the 291 patients who underwent epilepsy surgery was 12.4%. If we include the 20 patients in whom mild CD was documented, although there was no visible lesion on MR images, the incidence is 19.2%. There was one case of mild CD in Group B and one in Group C (Cases 8 and 16, respectively). The mean age of the 36 patients with CD was 21.3 years (1-58 years) and the male/female ratio was 26:10. The mean age at seizure onset was 8.5 years. Demographic data obtained in the patients did not show any statistical difference between groups. Although there was no statistical significance, the mean ages of patients in Groups A and B tended to be younger compared with those in Groups C and D. The age at onset of seizure was significantly lower in Groups A and B (mean ages 6.4 and 2.9 years, respectively) compared with Groups C and D (mean ages 10.7 and 11.8 years, respectively; p Ͻ 0.05). Mean IQs in Groups A and B were 66 Ϯ 22.6 and 73.5 Ϯ 13, respectively, compared with mean IQs in Groups C and D (97 Ϯ 24.4 and 95.8 Ϯ 24.5, respectively). Although these differences did not reach statistical significance (p = 0.08, Pearson's chi-square test), there was a tendency for patients in Groups A and B to have lower IQs than the patients in Groups C and D, who had nearly normal intelligence. In Group A two patients had FSIQs in the 80s, but the other three displayed mental retardation (FSIQs Ͻ 70). Excluding five children in whom IQ tests could not be performed, four patients in Group B had FSIQs between 56 and 87 (mean 73.5). Locations of the CDs are summarized in Table 1 ; we found no predilection for site. Interestingly, the left/right ratio was 26:10, with CDs occurring almost twice as frequently in the left hemisphere. These patients had experienced frequent seizures (ranging from three-four times per month to Ͼ 10 times per day), despite having received adequate medical treatment for more than 1 year at our hospital. Cases with a mild degree of CD and no visible lesion on MR images (20 patients) were excluded from this study, because such findings are frequently observed in specimens obtained in patients with nonlesional epilepsy. We also excluded cases in which CD located in the anterior temporal lobe was found in patients with hippocampal sclerosis, which is treated by anterior temporal lobectomy with amygdalohippocampectomy. We confined the definition of CD to a lesion that is visible on high-resolution MR images and has been determined by pathological investigation to be a CD or, in cases in which MR imaging was nondiagnostic (no visible abnormality on high-resolution MR imaging), tissue that has been diagnosed as a moderate to severe CD by pathological investigation. Because the approaches to presurgical evaluation, surgical planning, and postsurgical outcome assessment varied in this series, we divided the 36 cases into four groups. Group A was composed of patients harboring diffuse bilateral hemispheric dysplasia (bilateral diffuse dysplasia involving entire hemispheres), Group B patients had diffuse lobar dysplasia (diffuse involvement of one lobe or one lobe plus adjacent lobes with poor demarcation), Group C patients had focal dysplasia (focal nodular lesion involving one brain lobe that is usually well demarcated), and Group D patients had a histologically proven moderate to severe degree of CD but MR imaging findings were normal. The MR images obtained in representative cases from each group are illustrated in Fig. 1 . We followed the classification system proposed by Mischel and colleagues 21 for grading the degree of CD: severe, presence of balloon cells and/or neuronal cytomegaly (cytoskeletal abnormalities); moderate, presence of polymicrogyria and/or white matter neuronal heterotopia, but no balloon cells or neuronal cytomegaly; and mild, no evidence of balloon cells, neuronal cytomegaly, polymicrogyria, or white matter neuronal heterotopia. The pathologist was blinded to information about each patient. F-T  PR  moderate  56  III  2 13, M  1  rt F  PR  severe  40  IV  3 10, M  9  lt F-T  PR  severe  19  III  4 11, F  9  lt F-T-P PR  moderate  15  III  5 22, F  3  rt F-P  PR  moderate  10  I   B  6  8, M  0  lt F  PR  severe  43  IV  7  2, M  1  lt F-P  PR  severe  37  IV  8 6, M 2 lt T-P GTR severe 8 I * F = frontal lobe; GTR = gross-total removal; O = occipital lobe; P = parietal lobe; PR = partial removal; T = temporal lobe. † Engel class.
Preoperative Studies
All patients had a long-standing history of intractable seizures that were resistant to appropriate medical treatment. A careful interview with the patient about seizure history and symptomatology, scalp EEG (32 channel), MR imaging and interictal SPECT and PET scanning studies, and neuropsychological tests were performed before admission. The MR imaging protocol included the following acquisitions: 1) sagittal T 1 -weighted images (TR 400 msec, TE 11 msec, NEX 1, FOV 24 cm); 2) axial T 2 -weighted images (TR 3733 msec, TE 102 msec, NEX 1, FOV 21 cm) at a slice thickness of 5 mm and a 256 ϫ 192 matrix; 3) T 2 -weighted images (TR 3000 msec, TE 100 msec, NEX 2, FOV 21 cm) at a slice thickness of 3 mm and a 256 ϫ 256 matrix obtained in coronal planes perpendicular to the long axis of the temporal lobe; 4) fast fluid-attenuation inversion recovery images (TR 10,000 msec, TE 123 msec, NEX 1, FOV 21 cm) at a slice thickness of 5 mm, and a 256 ϫ 192 matrix obtained in both axial and coronal planes; and 5) 3D spoiled-gradient images of 124 sections at a 1.6-mm slice thickness, FOV 21 cm, and a 256 ϫ 256 matrix. If these studies revealed some evidence of partial seizure, the patients were admitted to the EMU for seizure monitoring. Ictal SPECT scanning was performed at the EMU whenever possible. The Wada test was performed to determine speech and memory dominance in each hemisphere. We used an image analysis system for image fusion of ictal and interictal subtraction images, PET scans on MR images, or 3D rendering of MR images of each brain. After subdural electrode insertion, each patient underwent spiral computerized tomography scanning for data acquisition to assist in 3D rendering of the subdural electrode-covered brain ( Fig. 2A ). After these preoperative evaluations, surgical planning was discussed during the patient management conference in which neurologists, psychologists, technicians, nurses, and neurosurgeons participated. After insertion of the subdural electrodes, the patients were observed closely in the intensive care unit for 1 day and then transferred to the EMU for seizure recording and functional mapping. The whole process usually took 1 week.
Surgical Procedures
All but one patient, in whom focal CD was located at the mesial temporal region, underwent intracranial electrode insertion and monitoring before the resection procedures. Even when the lesion was visible and EEG findings coincided with the approximate location of the lesion, we placed subdural electrodes on and around the lesion (not very far from the boundary of the lesion) to confirm the exact location of seizure onset and propagation as well as to determine the extent of resection after functional mapping. Subdural grids and strips were combined, ensuring full coverage of the lesion and good contact with the brain surface without compression of brain tissue or blood vessels. For example, in Case 23, shown in Fig. 1C , a 4 ϫ 8 grid of electrodes and a set of three 1 ϫ 8 strips of electrodes were placed on the lateral and basal temporooccipital cortex, respectively, without effect on the large draining veins around the sigmoid sinus. Also, when application of an 8 ϫ 8 grid of electrodes was necessary, we used two 4 ϫ 8 grids to minimize brain compression or dampening of EEG signals, which could be associated with wide coverage of subdural electrodes on the brain. Functional mapping included brain stimulation, somatosensory and visual evoked potentials, depending on the location of the lesion and the equivalent brain function of interest. In patients in Group A, in whom both hemispheres were diffusely involved, subdural electrodes were inserted to cover the areas of the brain that were suspected of being epileptogenic based on the results of the EEG and PET or SPECT studies. Use of an image guidance system was not necessary to localize small lesions or eloquent brain regions. The wide craniotomy centered over the region of interest and the wide coverage of subdural electrodes obviated any incorrect placement of electrodes. The extent of resection was determined to be the areas of brain region in which seizures were confirmed to originate, active interictal spikes were observed, and there was no sions were included within the resection margin as long as the area was not involved in eloquent brain function. After the extent of resection was determined, subpial resection was performed depending on the sulcal or gyral pattern of the subdural electrode-covered brain. If interictal spikes were observed at the boundary of the subdural electrodes, intraoperative electrocorticography was performed on those areas before resection. If seizure onset was confirmed to originate at the boundary of the electrodes, we replaced the electrodes during a revision procedure (two cases). After resection, electrocorticography was performed using a 1 ϫ 8 strip and/or a 4 ϫ 5 grid of electrodes at the resection margin in all cases. If active spikes were observed and the area was resectable (anatomically and functionally), additional resection was performed in an effort to minimize postoperative seizure recurrence. An example of resection procedures is illustrated in Fig. 2 .
Statistical Analysis
Data from each group were analyzed using commercially available statistical software. Comparisons between individual groups were performed as well as between merged groups, that is, Groups A and B compared with Groups C and D, because the two former and two latter groups were similar in clinical features.
Data are presented as the means Ϯ standard deviations. Statistical significance was set at a probability value less than 0.05.
Sources of Supplies and Equipment
Scalp EEG was performed using equipment provided by Vangard System (Cleveland, OH). The Signa 1.5-tesla imager, purchased from General Electric Medical Systems (Milwaukee, WI), was used for the MR imaging studies; the Triad XLT, obtained from Trionix Research Lab (Twinsburg, OH), was used for the interictal SPECT scanning, and the Advance Whole Body PET System, purchased from General Electric Medical System, was used for the PET scanning. Computerized tomography scanning was performed using the Hi Speed Advantage scanner, which was obtained from General Electric Medical Systems.
Image fusion of ictal and interictal images was performed using the Analyze image analysis system (version 7.5) acquired from Biomedical Imaging Resource, Mayo Foundation (Rochester, MN). Statistical analysis was conducted using SPSS statistical software, purchased from SPSS, Inc. (Chicago, IL).
Results
As was mentioned earlier, all but one patient with mesial temporal lobe dysplasia (Case 20) underwent intracranial recording performed using subdural electrodes. Total removal of CD was impossible in Group A because by definition entire bilateral hemispheres were involved. Gross-total removal of diffuse lobar CD was performed in three patients (Cases 10, 13, and 14) in Group B. Grosstotal removal was possible in all but two cases (Cases 21 and 22) in Group C. (In Case 22, there was difficulty in gaining access to the lesion, which was located at the mesiobasal aspect of the occipitotemporal area, and in Case 21, there was an electrode-associated subdural empyema.) We assumed that total removal was achieved in all cases in Group D because there was no visible lesion on MR images.
The mean postoperative follow-up period in all patients was 26 months. Patient outcomes delineated by Engel class 9 are summarized in Table 2 . After surgery, 26 patients (72.2%) belonged to Engel Class I or II (20 and six, respectively). When the four groups were compared separately, seizure control outcomes did not reach statistical significance (p = 0.08). However, when groups were paired, patients in Groups C and D seemed to have better outcomes than patients in Groups A and B. If outcomes are compared on the basis of both the extent of CD removal (partial removal compared with gross-total removal) and the assumption that CDs in all patients in Group A were partially removed and CDs in all patients in Group D were completely removed, seizure-control outcomes were significantly better in the gross-total removal group than in the group with partial removal (Table 3 ; p Ͻ 0.001). This significance was more prominent if Groups A and D were excluded. There were three cases (Cases 2, 6, and 7) in which seizure control was Engel Class IV. Despite undergoing subdural electrode-guided resections two times, the patient in Case 2 remained at Class IV. The patients in Cases 6 and 7 had the diffuse lobar type of CD (Group B) involving Broca's area and the primary motor area, respectively. The main epileptogenic regions were resected widely, but not completely, because these eloquent areas could not be removed. Seizures recurred at 3 months and immediately after surgery in these two patients, respectively, and they remain in Class IV. Although relatively wider areas of the brain were covered with subdural electrodes, depending on the lesion size and location and the proximity of the resected area to eloquent areas, we did not observe any problems in EEG recording, such as a dampening effect or brain swelling. There were three cases of transient and one case of permanent hemiparesis postresection. These were associated with the proximity of the resection area to the supplementary motor area or the primary motor area. No other significant factors, such as length of time of seizure disorder or extent of resection, affected recovery after resection procedures. There was one case in which the patient had electrode-associated subdural empyema (Case 21), which hindered complete resection of focal CD, and one case in which the patient had epidural hematoma (Case 28), which was removed during the resection procedure. Two patients (Cases 2 and 9) underwent repeated surgery because of recurrence of seizures; however, these patients still remain in Engel Classes IV and III, respectively.
Discussion
Definition and Terminology of CD
Cerebral neocortical malformation is a disorder derived from a defect of neuronal migration with subsequent disruption of the normal cortical lamination and abnormal neuronal and glial cells in the cerebral mantle. Although these disorders have been called CD, neuronal migration disorders, dysgenesis of cerebral cortex, microdysgenesis, or abnormalities of cell migration, it is clear that the most common form of these disorders originates from abnormal cell formation in the germinal matrix zone or from abnormal cortical organization. 1, 5, 16, 28 Although the definition and nomenclature of these pathological conditions are somewhat confusing, we prefer to use the term "cortical dysplasia" to include the full range of neuronal migration disorders as a spectrum of pathological changes that reflect disturbances of the normal developmental process, even though CD has been considered a subtype of this group of disorders. 21 In this study, we excluded the subgroup of patients with a mild degree of CD and no visible lesion on MR imaging because the CD might be merely a nonspecific pathological change associated with longstanding seizures, instead of a true developmental anomaly. Features of a mild degree of CD, such as focal cortical laminar disorientation or single heterotopic neurons in white matter, are found frequently in specimens obtained in epilepsy patients. Moreover, according to the classification of Mischel and colleagues, 21 a mild degree of CD is just the exclusion of findings that are associated with its severe and moderate degrees. It is noteworthy that there were only two cases of mild-degree CD included in this study, one identified in a specimen obtained in a patient with schizencephaly (Case 8) and another (Case 16) identified in a very small nodular lesion (diameter 6 mm) that had been barely visible on MR images. The mild form of CD seems to be more ambiguous. It would thus be reasonable to exclude cases with a mild degree of CD and normal findings on MR images from studies of surgical treatments and outcomes of patients with more distinct forms of CD. Although data obtained in the excluded 20 patients are not shown, the surgical outcomes were even better than those of the patients in Group D. A clearer and more concrete definition, nomenclature, and classification of these developmental disorders must be established in the future.
The age at seizure onset was older in patients in Groups C and D, which means that the milder forms of CD lead to seizures later in life than the more severe forms of CD. All patients in whom CD was detected later in life (Ͼ 10 years of age) in our series belonged to Groups C and D, and in these patients onset of seizures tended to occur later in life than in those patients comprising Groups A and B.
Considerations in the Surgery of CD
With the advent of modern imaging and EEG methods and with the increasing number of epilepsy surgery cases, it became evident that CDs are much more common in patients with drug-resistant intractable seizures than previously estimated. 4, 6, [16] [17] [18] The reported incidence of CD in patients with intractable partial epilepsy has been reported to be between 2% and 5% 13, 14 and between 15% and 50%, 17 and the frequency seems to be increasing in more recent series. The incidence of CD was 12.4% in our series, in which we excluded the mild degree of CD with no visible lesion on MR images (20 cases) and the so-called dual pathological lesions in neocortical temporal lobe tissue from hippocampal sclerosis. 19 Although separating patients into four groups, as was done in this study, is somewhat arbitrary for classification of CD, this kind of grouping was very practical; Groups A, B, C, and D could provide a spectrum of the degree of cortical developmental anomaly from the most severe and diffuse dysplasia to the more focal and milder degree of dysplasia, as was seen in our clinical data. Mental retardation and developmental delay were more prevalent in patients in Groups A and B than in patients in Groups C and D. Seizures were greater in frequency and their disabling nature (generalization) in the former groups than in the latter groups, although data are not shown in this paper. Also, the difficulty and complexity of surgical planning and surgical outcomes showed a tendency to span the spectrum from Groups A to D.
Although it is generally agreed that a patient who has intractable partial seizures with CD is a good candidate for surgery, most reports about surgical treatment in these patients focus on resection of the visible lesion with occasional use of electrocorticography or, more rarely, use of intracranial recordings performed with subdural electrodes. 3, 24, 26, 30 Simple lesionectomy, as performed in cases of localized tumors or vascular malformations, might be a feasible surgical option as long as the lesion is completely removed. However, we realize that complete removal of CD is difficult because the demarcation of such lesions is very poor, even in cases of focal dysplasia, as observed in Goup C. Furthermore, the seizure not only originates at the site of the lesion itself, but also at the area around the lesion, which can be proven by recordings from the subdural electrodes (Fig. 2) . We believe we can achieve good surgical outcomes by removing dysplastic tissue as completely as possible, including surrounding epileptogenic regions. The pathological substrate of these surrounding epileptogenic regions might be microscopic dysplastic tissue that is barely visible in high-resolution MR imaging or other functional imaging modalities. Dependence on the interictal spikes detected by electrocorticography might be another option, but interictal spikes do not necessarily identify the epileptogenic area. 27, 29 Although intracranial recording is an invasive procedure, carefully planned insertion and recording from comprehensive preoperative studies could minimize any complications and ensure excellent outcomes. We believe that use of subdural electrodes also contributed to the complete removal of CD in cases of gross-total removal in Groups B and C, because the resection margin was always beyond the margin of the lesion that was visible. Identification and resection of the epileptogenic area in the patients in Group D would have been impossible without using subdural electrodes. Without subdural electrodes, gross-total removal might have been impossible even in Group C, because the gross appearance of cortical surfaces are normal in most cases. Although there is some difference in gross appearance and consistency between normal brain tissue and dysplastic tissue, using such a difference to define the resection margin was impossible, even when the lesion was very focal and well demarcated on MR imaging results. Although the most active epileptogenic region was resected after comprehensive recording procedures, outcomes in Group A were poor: four of five patients had Engel Class III or IV outcomes. We think that tissue remaining postoperatively might have resumed epileptogenesis. We infer a similar phenomenon in patients belonging to Class III or IV in Group B (three cases) in whom total removal of CD was practically impossible because of the extensiveness of the large lobar lesions.
Surgical Outcomes
This series has the advantage of homogeneity of patients, all of whom were surgically treated during a recent short period by the same neurosurgeon (S.C.H.), who used a protocol of updated preoperative investigations and the same equipment for epilepsy surgery (state-of-the-art high-resolution MR and PET scanning, computer video-EEG, and so forth). Most strikingly, we used extensive coverage of subdural electrodes on the suspected areas of the brain. We analyzed visible lesions using high-resolution MR imaging, monitored seizure onset and propagation with wide coverage of the suspected region by using subdural electrodes (except for one case in which there was a mesial temporal lobe lesion), and correlated the data by using image-fusion procedures. We think that the excellent results achieved in our series are due to these comprehensive preoperative investigations and attempted radical resections of lesions. Even with relatively aggressive preoperative workups and wide resections of epileptogenic regions, outcomes in the partial resection group were not satisfactory. We had, of course, monitored sufficiently the stereotypical epileptogenic area before resection. The extent of resection was wide enough to include the surrounding "irritable" but noneloquent region as well as focal or multifocal epileptogenic areas confirmed by seizure propagation, electrocorticography-guided interictal spikes, and functional mapping. We hesitated to perform surgery in some patients with diffuse dysplasia because the scalp EEG had shown onset of multiple seizures from diffuse areas of the brain. Surgical outcome was poor in patients whose dysplastic tissue had been resected partially because of difficulty in surgical access or worry about affecting the eloquent region. The opposite was true in patients whose dysplastic tissue had been resected extensively or gross totally, mainly during the more recent period of the study, after we had assessed the experience of poor results in partially resected cases. This phenomenon also supports the fact that the dysplastic tissue is intrinsically epileptogenic. Epileptogenic and adjacent irritable areas were deliberately resected using extensive coverage of subdural electrodes and seizure monitoring in all cases in Groups A and B with Engel Class III or IV outcomes. Most of these patients remained seizure free immediately after surgery; however, seizures in these patients recurred several months postsurgery (data not shown). We thus postulate that silent areas of CD, which had been left intact in partially resected cases, resume epileptogenic activity after a seizure-free interval because of the intrinsic epileptogenicity of CD. 8, 10, 11, 20, 22, 25, 26 Previous reports of patients with CDs have shown wide variations in surgical outcomes. 2, 13, 15, 23, 24, 30 Some authors have reported better outcomes in patients with CDs located in the temporal lobe, 13, 15 but such results were not found in our series. These variations in surgical outcome might be due to differences in patient selection or surgical methods or an insufficient number of patients; however, the most important factor would be the wide spectrum of CD. Although reported surgical outcomes have generally been poor, 2, 13, 15, 17 we strongly believe that surgical outcomes can be improved by comprehensive preoperative investigation for the accurate localization of seizure onset, meticulous brain mapping, and attempted radical resection of pathological regions of the brain. Separating the patients into four groups, as was done in this study, would improve surgical outcomes by narrowing the criteria for patient selection. For example, patients in whom there are features of Group A and the extensive form of Group B have poor outcomes after surgery and would not benefit from resection procedures, despite extensive and laborious preoperative studies. Rather, these patients would benefit by callosotomy or hemispherectomy procedures if their seizures are medically intractable. On the other hand, intractable epilepsy in patients with well-defined and completely resectable CDs as shown in Groups C and D, and in a portion of Group B, can be cured by surgery after comprehensive preoperative studies.
Conclusions
We conclude that intractable epilepsy accompanied by CD can be treated successfully by surgery. Patient selection based on the extent of the lesion is very important. Comprehensive preoperative evaluation for the localization of seizure onset and functional mapping with correlation of the dysplastic lesion is mandatory. Because CD can be intrinsically epileptogenic, deliberate resection procedures aimed at complete removal of dysplastic tissue ensure excellent seizure control without significant neuropsychological problems. A clearer and more concrete definition of CD must be established in the near future.
